INTRODUCTION
This paper focuses on the design, fabrication, assembly, and testing of a high bandwidth twoaxis mirror positioner for precision optical platforms, which we refer to as the Advanced Fast Steering Mirror (AFSM). This novel positioner consists of a platform driven in two rotational axes by flux-steering electromagnetic actuators, and controlled via position feedback loops. The AFSM is designed for beam stabilization tasks in lithography, laser communication, lidar, and similar optical applications. We have experimentally demonstrated small-signal system bandwidth of 10 kHz using optical quad-cell feedback and a two-channel analog control architecture. The AFSM has a travel range of ±3.5 mrad, and a measured angular acceleration of 10 5 rad/sec 2 .
The work presented here grew out of the Mars Lasercomm demonstration program of 2005, in which MIT Lincoln Labs played a major development role. Fast steering mirrors (FSMs) are a critical component for optical communication technology [1] . Their purpose is to accurately track a desired position, and sufficiently reject disturbances such that beam pointing errors are small enough to allow acquisition and tracking of optical signals over long distances. In the case of the Mars Lasercomm program, a laser beam originating from a Mars-orbiting satellite must be pointed within 400 nanoradians RMS error in order to allow communication with an earth-based detector array [2] .
A picture of the AFSM is shown in Figure 1 . The mirror to be steered is attached to the square platform at the center. The two actuated degrees of freedom, θ x and θ z , lie in the plane of this mirror platform. Four permanent magnet biased flux steering actuators apply forces to magnetic armatures bonded to the edges of the mirror platform. Each actuator applies a force to the armatures in either the positive or negative direction normal to the mirror surface, thereby developing torques which rotate the mirror in the actuated DOFs. The actuators are rigidly mounted to the base, while the mirror platform is suspended relative to the base by a set of flexures. The flexures include an axial rod to restrain mirror-normal motions, and a set of captured rubber sheets within the actuators to restrain the lateral degrees of freedom. A CAD rendering of the final AFSM design iteration is shown in Figure 2 . The mirror which comprises the heart of the optical system is located in the center, and is drawn in red. The two principal actuated degrees of freedom, θ x and θ z , are indicated by the dashed lines running through the mirror center. Also illustrated are the capacitance probes that measure the mirror displacements relative to the housing, and the associated clamping mechanism that holds them in place.
DISCUSSION OF PRIOR ART
Fast steering mirror technology has existed in various stages of sophistication for many years. The most common approach is to use a pair of single axis mirrors optically linked so as to provide two-axis steering of a beam of light. These single axis devices are typically driven by a galvanometer and are still widely used in many scientific and industrial machines, such as bar code scanners, high speed product printing, medical imaging devices, and laser light show entertainment displays [3] .
Piezoelectric designs, such as those marketed commercially by Physik Instrumente Corporation (PI), allow higher stiffness and bandwidth, and a simple mechanical configuration; however, they suffer from limited angular travel, higher hysteresis losses, and require relatively expensive high voltage drive amplifiers [4] .
Several fast steering mirrors for space applications have been developed in the past two decades, and a few designs have seen flight service. Over the past several decades, Ball Aerospace Corporation has produced a wide range of devices for air and space flight service [5] . The Ball designs typically employ electromagnetic actuation via Lorentz-force (voice coil) drives. Mirror sizes are on the order of tens of millimeters, and typical published bandwidths range from 250 to 1000 Hz, with 1.5 kHz as the highest advertised bandwidth. Other published designs include a two-axis conical scanner driven at resonant frequency [6] and a fully-suspended six DOF mirror operated using MIMO control [7] .
Lincoln Laboratory has also developed fast steering mirrors over the last two decades. Lincoln's current suite of fast steering mirrors, several of which have seen flight service, are based on development work in the early 1990s by Loney [1] . This mirror design has been dubbed the HighBandwidth Steering Mirror (HBSM); he current variant is the HBSM-D. Loney's design demonstrates a bandwidth of 10 kHz and an angular range of ±13 mrad, for mirror apertures of 10 and 16 mm.
AFSM KEY TECHNOLOGIES
Two key novel technologies are adopted in the AFSM described here. First, as part of his PhD thesis, Xiaodong Lu developed a normal-force, flux steering actuator configuration that he successfully employed in a single degree-of-freedom fast tool servo system [8] . The actuator relies on normal force principles similar to a solenoid, but has the advantage of being nearly linear in both current and stroke, thus making it easy to control. Theoretically, it is capable of accelerations of up to 4000g, which is 100 times that of a voice coil constructed from copper wire ( 40g).
The second technology ( [9] , [10] ) uses viscoelastic materials (specifically, elastomers such as neoprene and silicone) as kinematic bearings in place of traditional metallic flexures. Elastomeric bearings are advantageous because they impart natural, frequency-dependent damping properties to the dynamic structure, are compact, and have low mass. Moreover, when configured in the proper geometry, such bearings provide stiff kinematic constraint of non-actuated DOFs, yet are compliant in the actuated DOFs.
AFSM MECHANICAL DESIGN
The moving mirror platform and its supporting flexures is shown in Figure 4 , In this view, the mirror, armatures, and kinematic supports (axial flexure and rubber bearings) are shown. The basic mirror envelope is 30x30x10 mm in the X, Z, and Y axes, respectively. The 30 mm lateral dimensions allow for a large optical beam aperture, and the 10 mm normal dimension imparts required structural stiffness. 
Elastomeric Bearing Design
Although commonly in use for decades in bridge bearings, automobile suspensions, and the like, the use of elastomers in precision machine applications is a relatively recent development. In their theses, Cuff [10] and Barton [9] provide detailed treatments of the history, properties, and the precision engineering applications associated with elastomer flexures and bearings.
As explained in Lindley [11] , the design equations for elastomeric flexure supports are nearly identical to those derived from the theory of elasticity for metallic flexures; however, the effective compression modulus must be modified to account for the near-incompressibility of the material. Iterating through the stiffness calculations for various elastomer hardness material thickness values, we arrived at the bearing design given in Ta 
ACTUATOR ELECTROMAGNETIC DESIGN
The architecture of one of the AFSM actuators is displayed in Figure 5 . The actuator consists of two symmetric halves, upper and lower, each of which contain an electrical coil wrapped around a magnetically permeable core. Each coil and core is rigidly potted in place to the actuator housing, which is displayed in green in the figure.
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At the heart of the actuator is a permanent magnet, which generates a DC biasing flux that passes through the armature and returns through the upper and lower core halves. This flux is indicated by the magenta-colored arrows in Figure 5 . The amount of flux passing through one core half or another is determined by the position of the armature, as well as any steering flux from the coils. With the armature in the neutral position and no coil current, the magnet flux is evenly divided between the upper and lower core halves, and thus there is no net force on the armature.
The two actuator coils are wired in series, and thus behave as if they were one coil. Applying a positive-valued current produces a magnetic flux pointing upward at the working airgaps, as indicated by the yellow arrows in Figure 5 . The flux differential between the two working airgaps in this case causes a net upward force on the armature. Reversing the current direction reverses the steering flux, and thus produces a net downward force on the armature.
The above description is confirmed as follows via flux analysis of the actuator magnetic circuit. For the analysis we neglect leakage and fringing losses, and assume the magnetic core and armature materials to have infinite permeability. The magnet permeability is assumed to be equal to air. Using these assumptions, we obtain the magnetic circuit layout depicted in Figure 6 .
. The AFSM actuator magnetic circuit used for flux analysis.
We determine the unknown fluxes in terms of the known airgap reluctances and magnetomotive forces from the coils and permanent magnet as follows:
Next, we normalize the armature displacements about the null position, denoting the upper and lower actuator airgaps g u and g l as
where x o is the airgap length with the actuator in the null position, and x is the armature displacement relative to this position. With this definition, we obtain the magnetic circuit reluctances as
where l m + g n is the combined length of the magnet and nonworking airgap, µ o is the permeability of vacuum, a p is the working and nonworking airgap pole area, and M o is the permanent magnet magnetization.
With the circuit fluxes known, the force on the armature in the working direction is given, via the normal component of the Maxwell stress tensor as
Of course, a lateral force is also present (in the nonworking direction) due to the permanent magnet flux on this surface, but this force is supported by the elastomeric bearing, and is ignored in the analyses herein.
Examining Equations 11, 2, 3, 7, and 8, it is evident that the actuator force output is nearly linear. This is because even though the individual upper and lower gap forces vary in a nonlinear manner, the difference between the squares of the upper an lower gap fluxes is nearly constant, regardless of the coil current or armature position. This difference is established by the biasing effect of the permanent magnet, and as such, it is primarily the magnet properties that determine the force sensitivity of the actuator.
The nonlinearity in the actuator force profile arises from the R l R u term in the denominator of Equations 2 and 3. However, if the upper and lower gap reluctances are kept small, the R mag term will dominate, resulting in an essentially linear force profile. For our design values, the actuator has a peak force output of 36 N, and an equivalent magnetic stiffness of -0.1246 N/µm. Note that this negative stiffness tends to destabilize the static equilibrium. In our design it is countered by the larger positive stiffness of the elastomeric bearings.
SYSTEM IDENTIFICATION AND COMPEN-SATOR DESIGN
We have tested the AFSM using both the capacitive sensors local to AFSM, and with an external optical quad cell measuring the spot location of a laser beam reflected off the AFSM mirror. Due to space limitations, only the optical feedback based testing is described herein. The plant dynamics using optical feedback are shown in Figure 7 . Here, the first few structural modes of the AFSM mirror are revealed. The first one appears at about 23 kHz, which agrees very well with the first two modes at 22 kHz predicted by finite element analysis. An additional group of modes is visible at 35 kHz and the 40 to 50 kHz band, which is also consistent with the FEA predictions of the higher modes. For this plant, the transfer The closed-loop frequency response of the system using optical feedback has a 10 kHz, -3 dB bandwidth. The closed-loop step response is plotted in Figure 9 . The response has a rise time of about 40 microseconds, a settling time of 400 microseconds, and overshoot of 25%. FIGURE 9. Closed-loop 800-millivolt (20 µrad) step response using optical feedback.
The high performance demonstrated with our AFSM prototype indicates that this is a promising approach for beam steering mirrors for ground and airborne applications.
